al., 2000), which is a low affinity calcium-indicator that provides an accurate measure of the time course of provides a good approximation, with EPSC max ϭ 1.1, n ϭ residual calcium signals and allows quantification of 3.5, and K 0.5 ϭ 0.72 mM for control conditions. The K 0.5 changes in calcium entry evoked by an action potential.
and EPSC max values indicate that in standard conditions (2 mM Ca e ), the EPSC amplitude is near saturation. When
Saturation of EPSC Amplitude with Increasing
Ca e is below 0.75 mM, the EPSC amplitude is still steeply External Calcium dependent on extracellular calcium, and this equation We began by determining the relationship between exreduces to the power law relationship of Equation 1. tracellular calcium levels and EPSC amplitude. At many This behavior indicates that the climbing fiber synapse synapses, the EPSC amplitude is highly sensitive to operates near saturation and has a high baseline probachanges in Ca e when Ca e is low and saturates at very bility of release. The underlying mechanism responsible high Ca e . This is also true for the climbing fiber synapse.
for saturation of climbing fiber synapses and other synIn representative experiments, decreasing Ca e from 2 apses is not known. mM to 0.5 mM decreased the peak EPSC to 27% of As a first step in examining the underlying mechanism that in 2 Ca e , while increasing Ca e from 2 mM to 4 mM responsible for the saturation of EPSC amplitude, we increased the peak EPSC to 108% of that in 2 Ca e (Figure assessed the contribution of postsynaptic receptor sat-1A). The relationship between the peak EPSC and Ca e , uration, which has been shown to occur at the climbing which is summarized in Figure 1Ac , shows that when fiber synapse (Wadiche and Jahr, 2001). As a result of Ca e is below 0.75 mM, there is a supralinear relationship receptor saturation, the observed EPSC amplitude is between EPSC amplitude and Ca e , and the EPSC can not linearly related to the amount of glutamate released be approximated by the power law relationship: from the presynaptic terminal when the probability of release is high and multivesicular release occurs. We EPSC ϭ k(Ca e ) n ,
(1) took advantage of the speed of low-affinity receptor antagonists (Clements et al., 1992; Diamond and Jahr, where k is a constant and n ϭ 3. A similar relationship was observed by Dodge and Rahamimoff at the neuro-1997). We used DGG, which is a low-affinity AMPA receptor antagonist with rapid kinetics (Liu et al., 1999 ; muscular junction (Dodge and Rahamimoff, 1967) and subsequently at many other synapses. Another common Watkins et al., 1990 ) that can relieve receptor saturation (Wadiche and Jahr, 2001). By competing with glutamate, feature among many synapses is that the EPSC amplitude begins to saturate as Ca e is increased, and this is DGG makes the relationship between the amount of glutamate released and the EPSC more linear. In conalso true for the climbing fiber synapse. As a result, Equation 1 does not fit the data over the full range of trast, high-affinity antagonists, such as NBQX and CNQX, dissociate from receptors more slowly and do not relieve saturation or influence paired-pulse plasticity at the climbing fiber synapse. Saturation also influences the paired-pulse ratio (PPR), defined as the amplitude of the second EPSC divided by the amplitude of the first EPSC, because the first and larger EPSC is more attenuated than the second depressed EPSC. We took advantage of this to determine the concentration of DGG needed to eliminate saturation. We found that the effect of DGG on PPR in 4 Ca e was maximal at 5 mM DGG (see Experimental Procedures). Based on these studies, we used 5 mM DGG to prevent AMPA receptor saturation, which reduced the EPSC ‫-5ف‬fold).
We then refined our examination of the relationship between EPSC amplitude and Ca e , but this time using DGG (5 mM) to prevent AMPA receptor saturation. If AMPA receptor saturation contributes to the relationship between calcium influx and release, the same alteration of Ca e should produce a larger change of EPSC amplitude in DGG relative to control. As shown in Figure  1B , this was the case. Decreasing Ca e from 2 mM to 0.5 mM decreased the peak EPSC to 4% of that in 2 Ca e (Figure 1Ba ), while increasing Ca e from 2 mM to 4 mM increased the peak EPSC to 150% of that in 2 Ca e ( Figure  1Bb ). The extent of EPSC saturation with increasing Ca e was less pronounced in the presence of DGG ( Figure  1Bc ) than in control conditions (Figure 1Ac ). In the pres- (Figure 3) . As a result of saturation show that lowering Ca e from 2 mM to 0.5 mM decreased of calcium entry, the EPSC amplitude is more steeply Ca influx to 31% of that observed in 2 Ca e (Figure 2A) , and dependent on Ca influx than on Ca e , both in control condiraising Ca e from 2 mM to 4 mM increased Ca influx to 162% tions ( Figure 3A ) and in the presence of DGG ( Figure 3B ). (Figure 2B ). A summary of the Ca e dependence of Ca influx We next compared EPSC saturation in control condi-( Figure 2C) Figure 3C ). The plot of EPSC saturation of calcium entry also contributes to the subliamplitude measured in control conditions ( Figure 3C , near relationship between EPSC amplitude and Ca e at closed circles) shows significantly more saturation than high Ca e . that measured in DGG ( Figure 3C , open circles In control conditions, EPSC max ϭ 1.1, n ϭ 4.5, and K 0.5 ϭ 0.6, which corresponds to an EPSC that is half maximal This information can be used to determine the contribu-We used the curves in Figure 3C to estimate the total saturation (after taking into account saturation of calcium entry) and the contributions of pre-and postsynaptic factors to this saturation. The ratio of the power law curve to the EPSC amplitudes measured in control conditions provides a measure of the total saturation ( Figure 3D, triangles) . The contribution of AMPA receptor saturation was estimated from the ratio of the EPSC amplitudes in DGG and in control conditions ( Figure 3D,  open squares) . Similarly, the ratio of the power law fit to the EPSC amplitudes in DGG ( Figure 3D , closed squares) provides a measure of additional factors that limit the EPSC amplitude. These factors likely reflect presynaptic mechanisms (see Discussion). In this manner, we estimate that in standard conditions (2 Ca e ) presynaptic (‫-2ف‬fold) and postsynaptic (‫-4ف‬fold) mechanisms lead to an EPSC that is smaller than that predicted by the power law by a factor of 7. Paired-pulse plasticity was examined by stimulating climbing fibers with pairs of pulses separated by 10 ms. The paired-pulse ratio (PPR) provided a measure of this plasticity. As shown in the representative experiment in Although DGG has been shown to affect PPR 4D). In low Ca e , the PPR in the two conditions is very similar, reflecting the lack of saturation when the probaat short interpulse intervals, the effect of AMPA receptor saturation on recovery from depression has not been bility of release is low. However, as release probability is increased, PPR DGG /PPR control drops to about 0.5. assessed. We therefore determined the time dependence of PPR in control conditions and in DGG by delivThis is consistent with postsynaptic receptor saturation making no significant contribution to short-term ering pairs of pulses to the climbing fiber at interstimulus intervals ranging from 10 ms to 10 s. As a control, we plasticity when the initial probability of release is low but becoming important when the release probability is examined PPR in 0.4 mM Ca e where postsynaptic receptor saturation is not prominent and found that DGG did high (Wadiche and Jahr, 2001). In addition to revealing the effects of saturation on paired-pulse plasticity, these not significantly alter the amplitude or the time course of PPR ( Figure 5A ). data serve as an additional control for the effects of DGG on transmission. If DGG were affecting presynaptic In contrast, postsynaptic receptor saturation has a significant impact on recovery from depression (Figure release, we would expect to see a change in PPR under conditions of low release probability, even though satu-5B). In 4 mM Ca e , recovery from depression occurs in two phases and can be approximated with a double ration does not play a role under these conditions. No such change is observed. Moreover, even for experiexponential ( Figure 5B , closed circles). The fast component has a time constant of 89 ms and accounts for mental conditions for which DGG alters paired-pulse plasticity (2 Ca e ), we found in separate control experi-43% of the recovery, and the slow component has a time constant of 2.7 s and accounts for 57%. In DGG, ments that DGG did not significantly alter presynaptic Ca e ). Figure 6A shows an example of such an experiment. Decreasing Ca e from 2 mM to 0.4 mM reduced Ca influx during both the first pulse (closed circles) and the second pulse (open circles) to ‫%04ف‬ of control. The traces to the right show that the incremental increase in the ⌬F/F was the same for both pulses in the high and low calcium concentrations. The ratio of Ca influx for the two pulses remained close to 1 during the wash-in and wash-out of low calcium (open squares). Therefore, changes in calcium entry for the second of two closely spaced pulses do not contribute significantly to facilitation or rapid recovery from depression.
Saturation of Calcium Influx
We next tested the role of elevations of presynaptic calcium levels in short-term plasticity at the climbing fiber synapse. Increases in presynaptic calcium levels have been shown to play a role in short-term plasticity, such as rapid recovery from depression (Dittman and Regehr, 1998; Stevens and Wesseling, 1998; Wang and Kaczmarek, 1998) and facilitation (Katz and Miledi, 1968 which was reduced by 33% Ϯ 3%. Reductions in the We therefore measured and manipulated presynaptic initial EPSC were sufficiently small ‫%51ف(‬ in 4 Ca e , calcium levels to study the role of calcium in these forms ‫%02ف‬ in 4 Ca e ϩ DGG, and ‫%04ف‬ in 0.4 Ca e ) that they of plasticity.
were unlikely to contribute significantly to changes in We first tested the possibility that facilitation and rapid paired-pulse plasticity. These findings show that the recovery from depression arise from a change in Ca influx primary effect of EGTA is to accelerate the time course into the climbing fiber. We monitored Ca influx for two of the Ca res and suggest that it can be used to test the pulses separated by 20 ms in conditions in which rapid role of Ca res in short-term plasticity. recovery from depression is prominent (2 mM Ca e ) and
We next tested the effect of EGTA on synaptic plasticity. EGTA eliminated facilitation in 0.4 Ca e (Figure 6C) , conditions in which facilitation is prominent (0.4 mM Figure 6D, open circles) ; the time course of the slow component of recovery from depression was not greatly affected by EGTA (2.7 s, control; 3.2 s, EGTA). These findings suggest that, at climbing fiber synapses, Ca res drives two distinct forms of synaptic plasticity, facilitation and calcium-dependent recovery from depression (CDR), that are prominent under different experimental conditions. Although the relative amplitude and time course of the fast component of recovery are changed in the presence of DGG, it is likely that this fast phase of recovery still corresponds to the calcium-dependent process. In order to test this, we examined the effects of EGTA on the recovery curve in the presence of DGG. Under these conditions, the rapid component of recovery is reduced but is still sensitive to EGTA. In the presence of DGG and EGTA, the fast component accounts for only 4% of recovery and decays with a time constant of 27 ms. The the influence of receptor saturation on transmission dur-amplitude (R ϭ EPSC n /EPSC 1 ) in DGG (R DGG ) was much smaller than in control conditions (R control ). The effects of saturation become slightly larger later in the train. This is most evident when the ratio of the normalized EPSC amplitudes in the two conditions (R DGG /R control ) is plotted as a function of time. The effect of saturation on transmission is also evident following the train. These results suggest that under control conditions, saturation contributes to the reliability of the EPSC and minimizes the considerable attenuation of the EPSC that would occur during repetitive activation if saturation were absent.
Physiological Significance
We next examined the role of saturation and recovery from depression in maintaining the response of a Purkinje cell to climbing fiber activation under physiological conditions. Climbing fibers in vivo typically fire at relatively low frequencies (1 Hz) with periodic short bursts of several spikes at rates as high as 15 Hz (Armstrong and Rawson, 1979; Schwarz and Welsh, 2001). Climbing fiber activation depolarizes its Purkinje cell target and evokes a characteristic response known as a complex spike, which is typically followed by a period of inactivity (Granit and Phillips, 1956; Ito, 1984) . The climbing fiber is such a powerful synapse that it is not obvious that the changes in synaptic strength arising from saturation and recovery from depression would affect the manner in which a climbing fiber activates a Purkinje cell. We therefore examined the effects of a physiological pattern of activity on climbing fiber EPSCs in control conditions and when saturation was eliminated and then determined if such reductions in synaptic strength altered climbing fiber efficacy measured in current clamp recordings.
We began by examining the EPSCs evoked by a physiological activity pattern (3 pulses at 15 Hz followed by a test pulse at 100 ms) at 35ЊC in control conditions and when saturation was eliminated by DGG ( Figure 8A ). In tion of the quiet period following climbing fiber activation was similar to control conditions. In 250 nM NBQX, however, climbing fiber activation no longer elicited a com-plex spike but rather evoked a series of simple spikes paired-pulse depression occurs, two properties of transmission combine to accelerate recovery of the (8C, right). Similarly, the climbing fiber response caused very little change in the subsequent activity of the cell. postsynaptic response: residual calcium speeds the recovery of transmitter release and postsynaptic receptor This effect was partially reversed upon washout. In four such experiments, we found that the complex spike and saturation accentuates this rapid phase of recovery. In this way, even when climbing fibers are activated at high the duration of the quiescent period varied significantly between cells in control conditions (1.1 Ϯ 0.5 s) . Nonefrequency, receptor saturation enables them to reliably drive Purkinje cells. theless, in all cells, 250 nM NBQX was sufficient to affect the complex spike and subsequent silent period (29% Ϯ 2% of control), whereas 50 nM NBQX did not signifiMechanisms Contributing to EPSC Saturation cantly alter the duration of the silent period (90% Ϯ 14%
The climbing fiber to Purkinje cell synapse is typical of of control). These results suggest that in the absence high p synapses in that the EPSC begins to saturate of AMPA receptor saturation the depression arising from when Ca e is increased. Saturation of presynaptic calsuch a brief train would be large enough to prevent the cium entry contributed significantly to this EPSC saturaclimbing fiber from reliably eliciting a complex spike and tion. In 2 Ca e , calcium influx is half of that expected if would diminish the influence of the climbing fiber on there were a linear relationship between Ca e and calcium subsequent Purkinje cell activity. influx (Figure 2 ). This reduction in calcium entry leads Although we have shown that 50% reductions in synto a decrease in the EPSC amplitude that is shaped by aptic strength can reduce the efficacy of climbing fiber the nonlinear relationship between EPSC amplitude and activation, we also wanted to examine the climbing fiber calcium entry ( Figures 3A and 3B) . The relationship beresponse evoked by brief trains. We therefore measured tween calcium influx and EPSC amplitude in the absence in current clamp the response of Purkinje cells to climbof AMPA receptor saturation ( Figure 3C , DGG curve) ing fiber activation with the activity pattern of Figure 8A . allows us to estimate the effect of calcium influx saturaIn these experiments, a small holding current was used tion on neurotransmitter release. In 2 Ca e , release is to maintain the Purkinje cells at Ϫ60mV to eliminate decreased by a factor of 4. Thus, saturation of presynapspontaneous activity. The response to such a train is tic calcium entry is an important factor in limiting neuroshown in Figure 8D , upper left. Each of the stimuli transmitter release and ultimately in determining the exevoked a strong response in the Purkinje cell, and the tent of EPSC saturation. response to the fourth stimulus is shown on an exBy measuring presynaptic calcium influx, we took into panded timescale to the right. We next wanted to assess account the saturation of calcium entry, which allowed the effect of eliminating saturation on the Purkinje cell us to examine additional mechanisms involved in EPSC response. As noted above, the fourth EPSC is 78% of saturation. Comparing the relationships between EPSC the first in control conditions and 47% of the first in amplitude and Ca influx in control conditions and in the DGG. In this experiment, the AMPA conductance during presence of DGG revealed that AMPA receptor saturathe fourth pulse in current clamp is already reduced to tion makes an important contribution. Based on the rela-78% by the preceding train. In order to mimic the effects tive block of DGG in different external calcium condiof eliminating saturation on the fourth pulse, we needed tions ( Figure 3C ), AMPA receptor saturation does not to further reduce the AMPA receptor conductance durattenuate the EPSC in low Ca e but results in 4-fold and ing this pulse to 60% of its control value (47%/78%). (Fig-8D, bottom) . 150 nM NBQX altered the complex spike ure 3C). We estimate that saturation of release results in all of the four cells studied. These results further supin 1.9-fold and 3.6-fold reductions in EPSC amplitude port the hypothesis that without saturation the climbing in 2 Ca e and 4 Ca e , respectively ( Figure 3D ). This indifiber would be sufficiently attenuated during physiologicates that although saturation of neurotransmitter recal patterns of activity to affect its ability to produce a lease contributes to the saturation of EPSC amplitude, robust complex spike, which could influence the ability contrary to widely held views, it is not the primary underof the climbing fiber to induce long-term changes in lying mechanism. synaptic strength.
7-fold reductions in EPSC amplitude in 2 Ca
Thus, three mechanisms contribute to saturation at this synapse. Under conditions of low calcium entry, when pre-and postsynaptic saturation are not factors, ( Figures 8C and 8D clamp recordings were filitered at 10 kHz. Photodiode currents were digitally filtered offline at 200 Hz with a 4 pole Bessel filter. Analysis (Ϫ20 to Ϫ200 pA holding at Ϫ40mV) were monitored continuously, and experiments were rejected if either of these parameters inwas performed using Igor Pro software (Wavemetrics, Lake Oswego, OR). creased significantly during the recording. Climbing fibers were stimulated by placing a glass electrode filled with external saline in the granule cell layer. The interstimulus interval between pairs of
